This paper addresses the important issue of Multi-Terminal DC (MTDC) grid control strategy based on the particle swarm optimization (PSO) technique. The MTDC grid is controlled by the concept of vector control, in which the AC currents and voltages are transformed into the rotating directquadrature (d-q) reference quantities which are subsequently used for decoupled control of the active and reactive powers as well as the DC and AC voltages. The paper employs an efficient PSO algorithm for optimal tuning of the controllers' parameters in an MTDC grid. In addition, voltage droop control scheme is utilized to ensure the balance of active power within the MTDC grid. Simulation results that has obtained through detailed modeling of a four-terminal DC grid, demonstrate the efficiency of the proposed approach. Comparison to controllers optimized by genetic algorithm (GA) also confirmed the favorable performance of the proposed PSO-tuned controllers.
Introduction
Recently, Multi-terminal DC (MTDC) grids have been receiving the special attention of the power systems researchers and also from power system industry pioneers such as ABB and Alstom. Modeling, simulation and control of the MTDC grids are among the main research topics, pursued during the recent years [1] - [3] . In addition, the appropriateness of the MTDC grids for the integration of the offshore wind farms into the AC mainlands, have been the focus of various recent studies [4] - [6] . The MTDC grids eliminate the large capacitive currents, associated with long-distance AC transmission, and hence are suitable for wind farm integration into the mainland AC grids [14] . Furthermore, the MTDC transmission system can facilitate development of the so-called ''European Supergrid'' [15] . The MTDC grids are usually characterized by interconnection of several high voltage DC (HVDC) stations through the high voltage DC links [4] . Among the available HVDC technologies, i.e. the linecommutated converter (LCC)-HVDC and the current-source converter (VSC)-HVDC, the latter exhibits favorable features such as full controllability of the DC network and ease of connecting multiple converters to the same DC grid. So, the VSC-HVDC technology is considered as the prime candidate for constructing the VSC-MTDC grids [7] . In terms of network topology, the MTDC grids may be connected in series or parallel. The parallel connections are further divided into radial and mesh networks [8] . The control of VSC-MTDC grids includes regulation of active and reactive power, control of DC voltage and regulation of AC voltage at the point of common coupling (PCC).The control strategies for the VSC-HVDC technology are direct control, vector control and the power-synchronization control [7] - [8] ; among them, the most popular control technique isvector control, itformed by inner and outer loop controllers, desirably allows the full decoupled control of the AC and DC quantities through transformation of AC quantities into the direct-quadrature (d-q) rotating reference frame [10] . To achieve a good control functioning for the vector control technique, adopted in this paper, the corresponding controllers' parameters should be optimally tuned and adjusted. The optimal tuning of the controllers may improve both transient and steady-state control performances. In this paper, we propose an optimized control strategy based on the particle swarm optimization (PSO) algorithm. The PSO algorithm is employed to optimize the parameters of the inner and outer loop controllers for better steady-state and transient-state performances. Then the optimized control strategy is employed for control of a four-terminal DC grid. The rest of this paper is organized as follows. Section 2 describes control structure of the MTDC grids. The optimization of the controllers is presented in section 3.Simulations and comparisons with a Genetic algorithm (GA)-optimized PI controller are presented in section 4. Finally, findings of the paper are summarized in section 5.
Control of Multi-Terminal DC Grids
As mentioned before , VSC-MTDC grids are characterized by interconnection of several VSC-HVDC systems. Fig. 1 depicts the schematic diagram of a VSC-MTDC grid, interconnecting two AC networks as well as two offshore wind farms. The main components of the VSC-HVDC terminals are : AC circuit breaker, AC transformer, AC filter, phase reactor, voltage source converter and DC capacitor. The control of MTDC grids includes DC voltage regulation at DC terminals, control of active and reactive power and at the point of common coupling and maintaining the PCC's AC voltage at the specified set point. As mentioned before ,The most commonly used control strategy for the VSC-HVDC stations is based on the vector control [7] - [10] . In this strategy the AC currents and voltages of the converter (at the PCC) are transformed into the rotating d-q reference frame, synchronized with the AC grid voltage by means of a phase-locked loop (PLL). This allows the decoupled control of the active and reactive powers as well as the DC and AC voltages. The general architecture of the vector control at a VSC-HVDC station is illustrated in Fig. 2 . The outer controllers in Fig. 2 are responsible for generating the reference currents for the inner current controller which determines the voltage reference of the converter in the d-q frame.
Inner Current Controller
The inner current controller (ICC) includes fast PI controllers which track the reference currents, set by the outer controllers, and produces the voltage reference for the converter. To derive the structure of the ICC, the voltage at PCC ( ) and converter-side voltage ( ) are related by, 
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where, is the current flowing from the AC grid to the converter and and represent the total resistance and inductance between the PCC and converter. Then by applying the Park transformation, (1) can be expressed in d-q reference frame by,
where, is the angular frequency of the AC voltage at the PCC.
The structure of the ICC is obtained using (2)- (3) and is shown in Fig. 3 . The reference voltages ( , and , ) are then transformed back into the abc reference frame and used to generate the switching signals for the converter.
Outer Controllers
The outer controllers include the active and reactive channels, as shown in Fig. 2 . The active channels are responsible for regulation of the active power or DC voltage while the reactive channels control the reactive power or amplitude of AC voltage at the PCC. 
Note that the d-axis of the d-q frame is aligned with the AC network voltage phasor through a PLL; i.e. 0 and hence,
Based on (6) and (67), the current in d and q axes can be employed to control active and reactive powers, respectively. The structures of active and reactive power controllers are shown in Fig. 4 -(a) and (b). The AC voltage controller is intended to regulate the amplitude of the PCC's AC voltage. This can be accomplished by injecting the required amount of reactive power such that the AC voltage at the PCC matches the given reference value. Hence, control of AC voltage is carried out by modifying the q-axis current. Fig. 4 -(c) shows the structure of the AC current controller. To maintain the DC voltage at its reference value, the active power exchanged with the AC grid must be properly regulated. Hence, modification of the d-axis current ( ) allows to control the DC voltage within the permissible limits. The structure of the DC voltage controller is illustrated by Fig. 4-(d) .
Voltage Droop Control
Control of DC voltage within an MTDC grid is of utmost importance. The voltage level at different terminals of the MTDC grids directly influences the flow of DC power between the MTDC terminals. It's worth noting that unlike AC transmission systems where fixed and identical voltage amplitudes (normally 1 pu) are preferred throughout the system, the MTDC grids cannot have an identical voltage level over the entire system. Obviously, if for a same level of DC voltage throughout the grid, there will be no flow of power between the DC terminals. The voltage droop control allows regulation of the DC voltage within the grid by adjusting the converters' currents in such a way that the power balance is guaranteed throughout the grid [9] . In this method a proportional controller is employed which represents a droop characteristic describing a unique relation between the DC voltage and the converter's current. A typical voltage droop characteristic is shown in Fig. 5 . In this paper, voltage droop control is implemented on the AC grids (which normally receive the power generated by wind farms) to guarantee the power balance within the MTDC grid. The parameters of the voltage droop controllers are adjusted such that the maximum and minimum values of the DC voltage occur at the maximum converter's current. 
Optimization of Controllers
The performance of the MTDC grid's control system is substantially influenced by the proper tuning of the controllers' parameters. Owing to this profound effect, the optimal positioning of the controller's parameters is of interest. In this paper, the heuristic algorithm of PSO has been employed for the optimization of each controller. Latly,PSO has been applied to a wide range of optimization problems such as parameter optimization of power system stabilizer (PSS) [11] , Automatic Voltage Regulator (AVR) [12] and wind generator (WG) in the power system [13] studies. PSO algorithms enjoy several favorable features such as speed of convergence, simplicity of implementation and less susceptibility of being trapped in local optima [12] . In PSO, particles flow in a multi-dimensional search space and the position of each particle is tuned based on the experiences gained by him and his neighbors. In this paper a global best (gbest) PSO algorithm has been adopted. In gbest algorithm the new position of the ith particle is found by adding the velocity component, as follows:
where, is the position of particle i at time t, is velocity of particle i at dimension j at time t, is the best position found by particle i, is the best position found by the swarm, and are acceleration constants and and are uniformly distributed number in [0, 1]. The optimization process by PSO requires definition of a fitness function or a performance index. The performance index ( ) is defined based on the minimization of the difference between the reference value and measured value, as expressed below, Minimize (10) Where T is the duration of optimization period and and are the reference and measured values of the output, respectively. The PSO algorithm tries to minimize performance index I over the simulation period, in an offline mode. Then, the optimized controllers will be used for control of MTDC grid.
Simulation Results
To assess performance of the proposed controllers, a four-terminal test system, shown in Fig. 1 , is used. The test system is composed of two AC grids with nominal voltage level of 220 kV and rated power of 2000 MW and two offshore wind farms with rated voltage of 33 kV and capacity of 200 MW. The rated voltage of DC grid is 200 kV. The parameters of the MTDC grid are presented in Table I . The detailed model of the testfour-terminal DC grid was implemented in simulation environment to validate the performance of the proposed controllers. 
Assessment and Comparison of Optimized Controllers' Performance
First, the parameters of the controllers were optimized by PSO algorithm and based on the minimization of the objective function defined by (10) . The parameters of the PSO algorithm are presented in Table II . For the purpose of comparison a proportional-integral (PI) controller, optimized by a genetic algorithm (GA) wasalso implemented and tested during the simulations. Fig. 6 , show the value of fitness function for each iteration of the PSO algorithm. 
GA-PI PSO-PI
After optimization of the controllers, the performance of the control system wasexamined. The step response of the PSO-optimized inner current controllers is shown in Fig. 7 . The response obtained by the GA-PI controller is also presented in Fig. 7 . Clearly, the proposed optimized controller exhibits superiority over the GA-PI controller. Moreover, Table III presents numerical comparisons between two controllers in terms of performance index and rise time. For further investigation, the performance of the active power controller under the condition of reference power step change is illustrated in Fig.8 . It's seen that the optimized controller has favorable response against reference power step change, in comparison to the GA-PI controller.
Application to MTDC Grid Control
In order to investigate the control performance of the proposed approach within an MTDC grid, the event scenario, presented in Table IV , is applied. The event scenario includes the step changes in the output power of the wind farms. The AC power at the PCC of each VSC-HVDC station is shown in Fig. 9 . It's seen that the AC grids have quickly followed the changes in the output power of the wind farms. The voltage profile at the DC terminals of the MTDC grid are also depicted in Fig. 10 . It's important that the amplitude of the AC voltages at the PCC remain at the specified set points during the transient of the MTDC grid. Fig.11shows the amplitude of the AC voltages for the VSC-HVDC stations associated with AC grids and wind farms 2. Clearly, all voltages have remained at their set points (1 pu.) event during the changes in the output of wind farms.
Conclusion
This paper proposed an optimized control structure for the control of VSC-MTDC power systems. The inner current controller and outer controllers of the MTDC grid were optimized by a particle swarm optimization algorithm to attain desirable transient and steady-state control performance. Then the optimized controllers were employed for efficient control of a four-terminal DC grid. The test grid was implemented through detailed modeling of the electrical components to validate the results of simulations. The optimized controllers exhibited favorable control performance during the steady-state and transients of the network. In addition, comparison to a GA-optimized PI controller demonstrated the superiority of the proposed approach. 
